In cytochrome c oxidase, a requirement for proton pumping is a tight coupling between electron and proton transfer, which could be accomplished if internal electron-transfer rates were controlled by uptake of protons. During reaction of the fully reduced enzyme with oxygen, concomitant with the ''peroxy'' to ''oxoferryl'' transition, internal transfer of the fourth electron from Cu A to heme a has the same rate as proton uptake from the bulk solution (8,000 s ؊1 ). The question was therefore raised whether the proton uptake controls electron transfer or vice versa. To resolve this question, we have studied a site-specific mutant of the Rhodobacter sphaeroides enzyme in which methionine 263 (SU II), a Cu A ligand, was replaced by leucine, which resulted in an increased redox potential of Cu A . During reaction of the reduced mutant enzyme with O 2 , a proton was taken up at the same rate as in the wild-type enzyme (8,000 s ؊1 ), whereas electron transfer from Cu A to heme a was impaired. Together with results from studies of the EQ(I-286) mutant enzyme, in which both proton uptake and electron transfer from Cu A to heme a were blocked, the results from this study show that the Cu A 3 heme a electron transfer is controlled by the proton uptake and not vice versa. This mechanism prevents further electron transfer to heme a 3 -Cu B before a proton is taken up, which assures a tight coupling of electron transfer to proton pumping.
Cytochrome c oxidase is an integral membrane protein complex that catalyzes the sequential one-electron oxidations of cytochrome c coupled to the four-electron reduction of oxygen to water. Part of the free energy released in this process is conserved by translocation of protons across the membrane (for a recent review, see ref. 1) . The coupling of electron transfer to proton transfer requires control of the rates of intramolecular electron-and proton-transfer reactions. To understand these physical processes on a molecular level, it is necessary to investigate in detail the individual electron-and proton-transfer steps during catalysis.
The crystal structures of cytochrome c oxidase from bovine heart (2-4) and Paracoccus denitrificans (5, 6) have been determined to atomic resolution. The three-dimensional structure of the highly homologous Rhodobacter sphaeroides enzyme is generally assumed to be very similar to the structures of the P. denitrificans and bovine enzymes (7) (8) (9) , and these structures are used as models of the R. sphaeroides enzyme. The R. sphaeroides cytochrome c oxidase consists of three protein subunits in which four redox-active metal sites are embedded. During enzyme turnover, electrons from watersoluble cytochrome c are transferred consecutively to Cu A , heme a, and the binuclear center consisting of Cu B and heme a 3 . The elementary electron-and proton-transfer reactions associated with reaction of the reduced enzyme with oxygen have been investigated after flash photolysis of carbon monoxide (CO) from the fully reduced enzyme in the presence of O 2 (referred to as the flow-flash technique) (1, (10) (11) (12) (13) . After dissociation of CO and binding of O 2 to reduced heme a 3 , the so-called peroxy intermediate (P R ) is formed (14, 15) , concomitant with electron transfer from heme a to the binuclear center with a time constant of Ϸ50 s (16), leaving Cu A and presumably Cu B reduced. This process is followed by formation of the so-called oxoferryl intermediate (F) at the binuclear center, accompanied by internal electron equilibration between Cu A and heme a with a time constant of 120 s (at pH 7.4), which results in reduction of heme a. Finally, when the fourth electron is transferred to F, the fully reduced oxygen (water) and the fully oxidized enzyme (O) are formed with a time constant of Ϸ1.2 ms (at pH 7.4) (16) . In the bovine enzyme, proton pumping takes place during the P 3 F and F 3 O transitions, respectively (2 H ϩ in each step) (17) . In both the bovine and R. sphaeroides solubilized enzymes in the flow-flash experiment these two transitions are associated with proton uptake from solution (16, 18) .
Babcock and colleagues (1, 10, 19) suggested that a tight coupling between electron and proton transfer in a redoxdriven proton pump can be maintained if internal electrontransfer reactions are controlled by uptake of pumped protons [see also a discussion on electroneutrality (20) ]. In cytochrome c oxidase, this would assure that the pumped protons are taken up before the electrons are transferred to the binuclear center. As indicated above, during the P R 3 F transition at the binuclear center with a time constant of 120 s, an electron is transferred from Cu A to heme a with the same time constant. This electron transfer reaction is slower than that of the intrinsic electron transfer between these two sites [ Յ 35 s, (21) ]. Consequently, in light of the above discussed model for the function of a proton pump, it was proposed that during the P R 3 F transition the proton uptake controls the electron transfer from Cu A to heme a (13, 22, 23) . This hypothesis was further supported by results from studies of a mutant enzyme in which Glu 286 of subunit I was replaced by Gln (24) . In this enzyme, the 120-s proton uptake as well as the Cu A 3 heme a electron transfer were impaired and it was suggested that the electron transfer was impaired because the proton uptake was blocked (24) . However, the results with the EQ(I-286) mutant
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In this work, we have tested this hypothesis by investigation of electron and proton transfer in a site-specific mutant of the R. sphaeroides cytochrome c oxidase in which methionine 263 in subunit II [M(II-263)], a Cu A ligand, has been replaced by leucine (Fig. 1) . The mutation has a localized effect, resulting in decoupling of the two coppers of Cu A , leading to an increased redox potential and a dramatically slowed internal electron transfer from Cu A to heme a (25, 26) . The results show that after transfer of the third electron to the binuclear center, proton uptake is observed with the same time constant as in the wild-type enzyme (120 s), whereas no electron transfer from Cu A to heme a is seen on this time scale. Together with the results from studies of the EQ(I-286) mutant enzyme, this shows that in the wild-type enzyme, the 120-s proton uptake controls the electron transfer from Cu A to heme a and not vice versa.
MATERIALS AND METHODS
The ML(II-263) mutant of cytochrome c oxidase from R. sphaeroides was constructed as described in ref. 27 , and the enzyme was overexpressed and purified as described in Zhen et al. (28) . The position of M(II-263) is shown in Fig. 1 .
The catalytic activity of the enzyme was measured polarographically at 25°C in 50 mM KH 2 PO 4 , pH 6.5͞0.05% lauryl maltoside͞2.8 mM ascorbate͞0.55 mM TMPD͞1.1 mg͞ml asolectin͞30 M horse-heart cytochrome c.
The mixed-valence-CO complex of the enzyme (in which heme a 3 ͞Cu B are reduced and heme a͞Cu A are oxidized) was prepared by incubation of the oxidized enzyme under pure CO atmosphere (29) .
The preparation of the fully reduced enzyme and the experimental setup have been described in detail elsewhere (16, 24) . Briefly, a 10-M solution of the enzyme was transferred to a cuvette. The solution was supplemented with phenazine methosulfate at 5 M, and air was exchanged for nitrogen. The enzyme was reduced by an anaerobic addition of ascorbate to a final concentration of 2 mM, followed by exchange of nitrogen for carbon monoxide. The enzyme solution was transferred anaerobically to one of the drive syringes (500 l total volume) of a locally modified Applied Photophysics (Surrey, UK) stopped-flow apparatus. The other syringe (2.5 ml total volume) was filled with an oxygensaturated buffer. Measurements were performed as described previously (16, 24) . For measurements at 830 nm, a solid-state laser (Melles Griot, Irvine, CA) was used as measuring light. Where applicable, a diode-array detector (Applied Photophysics) was used to determine the spectrum of the enzyme solution at different times (Ͼ2 ms) after flash photolysis of CO.
For proton-uptake measurements, buffer was removed on a PD-10 column (Pharmacia) equilibrated with 0.1 M KCl and 0.1% ␤-D-dodecyl maltoside at pH 7.5. The measurements were performed as described in detail in refs. 16 and 24. The O 2 -containing solution was supplemented with phenol red. The dye concentration was 40 M after mixing. Calibration of the observed phenol-red absorbance changes to the number of protons taken up was done as described (24) .
The amount of reacting enzyme was calculated from the CO-dissociation absorbance change at 445 nm, by using an absorption coefficient of 67 mM Ϫ1 cm Ϫ1 (30) .
RESULTS
The catalytic turnover of the ML(II-263) mutant enzyme was 150 s Ϫ1 (at pH 6.5), which is about 10% of that of the wild-type enzyme (1700 s Ϫ1 ) under the same conditions (26) . At 830 nm, the absorption coefficient of reduced minus oxidized Cu A in the ML(II-263) enzyme was 1.3 cm Ϫ1 mM
Ϫ1
(compared with 2.1 cm
in the wild-type enzyme) (27) . The spectral characteristics of the other metal centers were unaltered.
Binding of CO to the Fully Reduced Enzyme. Fig. 2 shows the CO-difference absorption spectra (fully-reduced-CO complex minus fully-reduced enzyme) for the ML(II-263) and wild-type enzymes. As seen in the figure, the two spectra are very similar, which indicates that the binuclear center was intact in the mutant enzyme. A distorted CO binding to heme a 3 was observed earlier in a Cu A -ligand mutant [MI(II-227)] of cytochrome c oxidase from P. denitrificans (31) .
Electron Transfer in Mixed-Valence Enzyme. Internal electron transfer in the absence of oxygen was investigated after flash photolysis of CO from the partly reduced CO complex of the wild-type (21) and ML(II-263) mutant enzymes. Binding of the CO ligand stabilizes the reduced state of the binuclear center, while Cu A and heme a remain oxidized. Consequently, on flash photolysis of CO, the electron at heme a 3 equilibrates with heme a, observed as a decrease in absorbance at 445 nm with a time constant of Ϸ3 s after dissociation of CO (Fig. 3) . The extent of electron transfer was determined from the amplitude of the 3-s absorbance change and was found to be Ϸ40% in the wild-type enzyme (21) . Thus, in addition to the kinetic information, this method allows determination also of the equilibrium constant, i.e., the difference in redox potentials between hemes a and a 3 .
Both the rate and extent of electron transfer between the hemes were the same in the ML(II-263) as in the wild-type enzyme (Fig. 3) , which shows that the mutation did not alter the redox-potential difference between hemes a and a 3 .
Reaction with Oxygen. The kinetics of electron and proton transfer during reaction of the fully reduced wild-type (16) and ML(II-263) enzymes with O 2 were investigated by using the flow-flash technique. The fully reduced enzyme with CO bound to heme a 3 is mixed with an O 2 -containing solution. The CO ligand is flashed off by using a short laser flash, which allows binding of O 2 to the binuclear center. Absorbance changes at 445 nm, 605 nm (contribution from the hemes), and 830 nm (significant contribution from Cu A ) after dissociation of CO from the fully reduced enzyme in the presence of O 2 are shown in Fig. 4 . At 445 nm, with the wild-type and ML(II-263) enzymes (Fig. 4A) , the initial increase in absorbance at t ϭ 0 is due to the dissociation of CO, leaving reduced heme a 3 . (The heme a 3 2ϩ -CO complex and heme a 3 2ϩ have their absorption maxima at Ϸ430 nm and at Ϸ445 nm, respectively.) This reaction is followed by binding of O 2 to reduced heme a 3 with a time constant of Ϸ10 s (at 1 mM O 2 , phase I) (not seen on the time scale shown in Fig. 4 ). The absorbance decrease at 445 nm and 605 nm with a time constant of Ϸ50 s (phase II) reflects oxidation of hemes a and a 3 on formation of the peroxy (P R ) intermediate.
With the wild-type enzyme (16) , the following increase in absorbance with a time constant of 120 s (phase III), most clearly seen at 605 nm (plateau at 100-200 s in Fig. 4B ) and at 830 nm (absorbance increase in Fig. 4C ) is mainly because of fractional electron transfer from Cu A to heme a, concomitant with formation of the oxoferryl intermediate (F).
In the last reaction phase, heme a and the remaining fraction of reduced Cu A are oxidized, forming the fully oxidized enzyme with a time constant of 1.2 ms (phase IV, absorbance decrease at 445 nm and 605 nm and absorbance increase at 830 nm).
With the ML(II-263) mutant enzyme at 605 nm, after CO dissociation, the absorbance decayed with a time constant of Ϸ50 s to about the same level as the final level after phase IV with the wild-type enzyme (Fig. 4B Left) . Similarly, at 445 nm on the 5-ms time scale (Fig. 4A Left) , only the first two phases were observed with the ML(II-263) enzyme. The absorbance then decreased, to reach the same absorbance as that of the fully oxidized wild-type enzyme with a time constant of 150 ms (Fig. 4A Right) (because of decay of the F intermediate to the oxidized enzyme; see below).
As seen in Fig. 4C , with the ML(II-263) mutant enzyme no increase in absorbance was observed on the 5-ms time scale at (Fig. 4C Right) . The final absorbance level at 830 nm was lower with the mutant than with the wild-type enzyme because of the smaller absorption coefficient of reduced minus oxidized Cu A in the ML(II-263) than in the wild-type enzyme. The rapid absorbance decrease, followed by an increase at 830 nm observed with the ML(II-263) enzyme during the first 3 ms, was because of a small contribution of heme absorbance changes at this wavelength (24, 32) . With the wild-type enzyme, these changes are normally masked by the much larger increase in absorbance because of oxidation of Cu A (see ref. 24) .
Thus, the results in Fig. 4 show that in the ML(II-263) enzyme, after heme a is oxidized with a time constant of 50 s, it is not re-reduced by Cu A on the 5-ms time scale. The Cu A site is oxidized several orders of magnitude slower than in the wild-type enzyme ( ML Х 150 ms, WT ϭ 120 s). Fig. 5 shows absorbance changes at 560 nm of the pHsensitive dye phenol red, associated with proton uptake from solution on flash photolysis of CO from the fully reduced enzyme in the presence of O 2 . At this wavelength, the enzyme displays very small absorbance changes associated with redox reactions of the metal sites. In the ML(II-263) enzyme, the first proton was taken up with the same time constant as in the wild-type enzyme (Ϸ120 s). However, whereas in the wildtype enzyme the second proton was taken up with a time constant of Ϸ1.2 ms, in the ML(II-263) enzyme the uptake of the second proton was much slower ( Х 150 ms, i.e., the same time constant as the transfer of the fourth electron to the binuclear center). [Note that during oxidation of the fully reduced enzyme, a net of about two protons (not four) is taken up because during formation of the reduced state about two protons are taken up (20) .]
To identify the oxygen intermediate bound at the binuclear center in the ML(II-263) enzyme after the 120-s proton uptake, but before the transfer of the fourth electron to the binuclear center, absorbance changes were monitored with a time resolution of Ϸ2 ms in the wavelength range 350-700 nm, by using a diode-array detector. Fig. 6 shows the kinetic difference spectrum of the slowest reaction phase with a time constant of 150 ms. As seen in the figure, this spectrum is characteristic of the O minus F spectrum (14, 33) . The concentration of the F intermediate was estimated from the absorbance difference A 583 -A 650 by using an absorption coefficient of 5.3 mM Ϫ1 cm Ϫ1 (33) to be about the same as the enzyme concentration (as determined from the COdissociation absorbance change at 445 nm), i.e., the F intermediate was formed in Ϸ100% of the enzyme population. The trough at Ϸ590 nm in Fig. 6 is slightly red-shifted as compared with the F-O spectrum shown in ref. 33 .
DISCUSSION
Mutation of Met-263 of subunit II caused a localized change in Cu A that resulted in a dramatically slower electron transfer from Cu A to heme a, which made it possible to investigate the sequence of electron transfer and proton uptake during catalysis. The results are summarized in Fig. 7 .
Electron-Transfer Reactions. After flash photolysis of CO from the fully reduced wild-type enzyme in the presence of O 2 at 445 nm and 605 nm, the first two phases were associated with binding of O 2 to heme a 3 with a time constant of Ϸ10 s (at 1 mM O 2 ) and oxidation of hemes a and a 3 forming the peroxy (P) intermediate at the binuclear center with a time constant of 50 s (16).
In the mutant enzyme at 605 nm, after phases I and II, the absorbance had dropped to about the same level as that after the final phase with the wild-type enzyme (Fig. 4B) . At this wavelength, the main contribution to the observed absorbance changes is from redox reactions of heme a. Thus, in both the wild-type and ML(II-263) mutant enzymes, the absorbance decreased initially because heme a became oxidized. In the wild-type enzyme, the initial decrease in absorbance was followed by an increase (phase III) and decrease (phase IV), associated with electron transfer from Cu A to heme a and from heme a to the binuclear center, respectively. Thus, in the final state of the wild-type enzyme about 5 ms after the flash, heme a was oxidized. With the ML(II-263) enzyme after phase II, the 605-nm absorbance remained at the same level as the final 6. An absorbance difference spectrum corresponding to the slowest kinetic phase observed during reaction of the fully reduced ML(II-263) enzyme with O2 ( Х 150 ms, k Х 7 s Ϫ1 ) by using a diode-array detector. The diode-array data were globally fitted with a single exponential from which the spectrum was calculated. The concentration of reacting enzyme was calculated from the COdissociation absorbance change at 445 nm (absorption coefficient 67 mM Ϫ1 cm Ϫ1 ). The kinetic difference spectrum is consistent with the Flevel of the wild-type enzyme because with the ML(II-263) mutant enzyme, heme a was not re-reduced on the 5-ms time scale. Thus, the difference between the states formed in the wild-type and ML(II-263) enzymes about 5 ms after CO dissociation is that in the former, all redox centers are fully oxidized, whereas in the latter, Cu A is reduced and the F intermediate is present at the binuclear center (see also below). Both enzymes display about the same absorbance at 605 nm after Ϸ5 ms because redox changes of Cu A do not contribute to the absorbance changes and the difference in absorbance between the F intermediate and the fully oxidized enzyme is very small at this wavelength (14, 33) .
The absence of electron transfer from Cu A to heme a in the ML(II-263) enzyme on the 5-ms time scale is also evident from the lack of absorbance increase at 830 nm (Fig. 4C) . As seen on the longer time scale in Fig. 4C , with the ML(II-263) enzyme the absorbance increased with a time constant of 150 ms.
In both the wild-type and mutant enzymes, after phase II (P R state) there are three electrons at the binuclear center. Formation of P R was followed by formation of the F intermediate. As indicated above, in the wild-type enzyme, the 120-s increase in absorbance at 605 nm, concomitant with formation of the F intermediate, is mainly associated with the electron transfer from Cu A to heme a. Therefore, this increase in absorbance was not observed with the ML(II-263) enzyme, even though the F intermediate was formed in about 100% of the enzyme population. Formation of the F intermediate, but in a smaller fraction of the enzyme population (15%) was also found during reaction of the reduced Cu A -ligand mutant [MI(II-227)] cytochrome c oxidase from P. denitrificans with O 2 (31) .
In the ML(II-263) mutant enzyme, the fourth electron was transferred to the binuclear center (Fig. 4) and a second proton was taken up (Fig. 5) with a time constant of about 150 ms, i.e., Ϸ100 times slower than in the wild-type enzyme. Because in the ML(II-263) mutant enzyme the electron-transfer rate from heme a to heme a 3 is the same as in the wild-type enzyme (see Fig. 3 ), the dramatically slower transfer of the fourth electron to the binuclear center may be either because of a slower, rate-limiting intrinsic transfer rate from Cu A to heme a or a higher redox potential of Cu A relative to that of heme a (or a combination of the two effects). The first case is unlikely, because in the oxidized enzyme the intrinsic electron-transfer rate from Cu A to heme a (50 s
Ϫ1
) is faster than 7 s Ϫ1 (Y.Z., F. Millet, and S.F.-M., unpublished results). Assuming a rapid (compared with 150 ms) Cu A -heme a electron-transfer equilibrium, the apparent electron-transfer rate from Cu A to the binuclear center is determined by the fraction of reduced heme a times the electron-transfer rate from heme a to the binuclear center:
where a ''Ϫ'' sign denotes a reduced site (Cu B is omitted for simplicity). Because the observed electron-transfer rate in the ML(II-263) enzyme was Ϸ7 s
( Х 150 ms), according to the model outlined in Eq. 1 the redox potential of Cu A in the mutant enzyme must be about Ϸ10 2 mV higher than that of heme a. This estimation is consistent with independent measurements, which show that the redox-potential difference between heme a and Cu A (E a Ϫ E Cu A ) is ϷϪ60 mV (compared with ϩ50 mV in the wild-type enzyme) (25) . A 100-mV increase in the redox potential of Cu A was also found in the MI(II-227) mutant cytochrome c oxidase from P. denitrificans (31) .
Proton-Electron Coupling. In summary, on the basis of the above discussion, we conclude that in the ML(II-263) mutant, as in the wild-type enzyme, a proton is taken up and the F intermediate is formed with a time constant of 120 s, but in the mutant enzyme, electron transfer from Cu A to heme a is impaired on this time scale. This observation shows that the 120-s proton uptake is not controlled by the Cu A to heme a electron transfer.
The kinetics of the electron-transfer equilibrium between Cu A and heme a can be studied independently, for example after flash photolysis of CO from the two or three electronreduced enzymes in the absence of O 2 (21, 34) , or from ruthenium-labeled cytochrome c (35) . In R. sphaeroides wildtype cytochrome aa 3 , the time constant of this electron transfer is 10-35 s (21, 36) , i.e., a factor of 3-10 faster than during O 2 reduction (phase III). It was therefore proposed that during reaction of the fully reduced enzyme with O 2 , this electron transfer may be controlled by other events, such as proton uptake (22) (23) (24) . This proposal was further supported by investigations of the ubiquinol oxidase cytochrome bo 3 from Escherichia coli, which showed that during O 2 reduction, electron transfer from the bound quinol (QH 2 ) to heme b was Ϸ10 times slower than proton uptake associated with the P R 3 F transition (22) . In this enzyme, the electron-transfer rate was presumably determined by the relatively slow oxidation of QH 2 , which is the reason why the electron transfer was slower than the proton uptake to the binuclear center. Further support for a control of the electron transfer by proton uptake was obtained from studies of the EQ(I-286) mutant enzyme in which, during reaction of the fully reduced enzyme with O 2 , both proton uptake (associated with formation of the F intermediate) and electron transfer from Cu A to heme a were impaired (24) . The results with the EQ(I-286) mutant enzyme showed that electron transfer from Cu A to heme a is impaired when proton uptake is impaired, but they did not resolve the question whether the converse also is true. The results with the ML(II-263) mutant enzyme show that the 120-s proton uptake takes place independently of the electron transfer from Cu A to heme a (Fig. 7) . Together with the results from studies of the EQ(I-286) enzyme, this result indicates that the proton uptake (formation of F) controls the electron transfer from Cu A to heme a but not vice versa. One possible type of direct interaction between proton uptake and electron transfer is electrostatic control (22) (23) (24) . In other words, the increase in positive charge around the binuclear center on proton uptake increases the apparent redox potential of heme a more than that of Cu A because of the smaller distance between heme a 3 and heme a (Ϸ13 Å center to center) than between heme a 3 and Cu A (Ϸ20 Å) (2, 3) .
This type of control of electron transfer by proton transfer is consistent with the model proposed by Babcock and colleagues, who suggested that a tight coupling between the exergonic electron transfers to partly reduced oxygen intermediates and proton pumping can be maintained if the electron-transfer rates (and the associated uptake of substrate protons) are controlled by the uptake of pumped protons (1, 10, 19) . The results from this study also hint at a mechanism by which the enzyme controls the sequence of electron-and proton-transfer events during catalysis:
(i) Only after arrival of the third electron to the binuclear center is a proton taken up [there is no proton uptake from solution on forming P in the mixed-valence enzyme (18) ]. This proton is taken up through the D-pathway, including residues D(I-132) and E(I-286) (13, 24) .
(ii) This proton uptake is necessary for the transfer of the electron from Cu A to heme a.
(iii) The Cu A -to-heme a electron transfer is necessary for the transfer of the fourth electron to the binuclear center, because a direct electron transfer from Cu A to heme a 3 does not take place.
(iv) The transfer of the fourth electron to the binuclear center is coupled to the uptake of another proton (through the D-pathway). The question whether the electron controls the proton or vice versa in this last reaction step remains an open question for future investigations.
